Abstract-This paper investigates the impact of charge redistribution on supercapacitor charge capacity by experimentally estimating the charge capacity bounds. An analysis of a physics-based RC ladder circuit model for supercapacitors reveals the theoretical bounds and provides guidelines for designing experiments to estimate the bounds. The upper bound corresponds to a long time constant voltage charging process and the lower bound is established using a charging process with the largest possible current. Bounds of two types of supercapacitor charge capacity are estimated: the total charge stored in the supercapacitor that can be released during multiple discharging processes and the utilized charge delivered during one discharging action. The relationship between the utilized charge capacity and the discharge current is examined and different patterns are observed depending on the supercapacitor state of charge. For a fully charged supercapacitor, the utilized capacity increases when the discharge current decreases. For a supercapaictor partially charged by a relatively large current, the utilized capacity is dependent on both the discharge current and the supercapacitor operation voltage range. The difference between the bounds is significant for both types of charge capacity. These observations provide guidelines for optimizing the supercapacitor charging and discharging policies for different applications.
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I. INTRODUCTION

S
UPERCAPACITOR-BASED energy storage systems have been employed by a variety of applications including electric and hybrid vehicles, smart grid, wireless sensor nodes, and biomedical devices. To better utilize this energy storage technology, one of the key research and development issues is to accurately and quickly estimate the supercapacitor state in terms of state of charge (SOC), state of energy, or state of health. Although the supercapacitor terminal voltage is a natural indicator of its state, accurate estimation of the state is still challenging because the supercapacitor capacitance and equivalent series resistance (ESR) are affected by multiple factors such as its terminal voltage [1] , ambient temperature [2] , and aging condition [3] in a Manuscript received June 18, 2017 ; revised August 25, 2017 ; accepted October 10, 2017. Date of publication October 17, 2017; date of current version April 20, 2018 . This work was supported in part by the National Institute of General Medical Sciences of the National Institutes of Health under Award 5UL1GM118979-04 and in part by California State University, Long Beach, under the ORSP and RSCA programs. Recommended for publication by Associate Editor T. M. Lebey.
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Digital Object Identifier 10.1109/TPEL.2017.2764423 complex manner. Numerous frameworks have been proposed to identify supercapacitor parameters and estimate supercapacitor states, which include offline methods based on electrochemical impedance spectroscopy [4] or waveform relaxation [5] as well as online approaches utilizing Kalman filters [6] , [7] , recursive least squares [8] , [9] , or Lyapunov-based adaptation law [10] .
On the other hand, modeling and characterization of supercapacitors based on its physics have also been investigated. Supercapacitors are usually constructed using porous carbon electrodes [11] . The porous electrode theory [12] suggests that an electrode can be modeled as an RC transmission line [13] . To reduce the model complexity, different versions of simplified equivalent circuit models [14] - [17] have been proposed. In addition, various models have been developed to investigate a particular aspect of the supercapacitor behavior such as self-discharge [18] - [20] , charge redistribution [21] - [23] , voltage dependence of capacitance [21] , [24] , [25] , as well as power and energy capabilities [26] - [29] .
This paper estimates the supercapacitor charge capacity bounds based on its physics and takes into account charge redistribution, which is a relaxation process originated from the porous structure of the electrodes. In addition to modeling and characterization [21] - [23] , various aspects of this process have been investigated such as the terminal voltage behavior [30] - [33] , energy loss [30] , [34] , and impact on power management in wireless sensor networks [30] , [35] - [37] . This paper studies the impact of charge redistribution on the amount of charge delivered by a supercapacitor during one or multiple discharging processes. Specifically, this paper first examines an RC ladder circuit model and reveals the theoretical bounds of the supercapacitor charge capacity, which also provides guidelines for properly designing the experiments. Following this analysis, four sets of experiments are designed to determine the experiment settings that can be used to accurately estimate the bounds. Based on these settings, the bounds of the total and utilized charge capacity are estimated for four 100 F supercapacitor samples at the rated voltage of 2.7 V. Results show that the difference between the upper and lower bounds is significant for all samples and, therefore, experimentally demonstrate the impact of charge redistribution on supercapacitor charge capacity.
The remainder of this paper is organized as follows. Section II analyzes an RC ladder circuit model to illustrate the impact of charge redistribution on supercapacitor charge capacity. Section III introduces an experimental approach to estimate the supercapacitor charge capacity bounds. Section IV evaluates the bounds of the total charge capacity delivered 0885-8993 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information. during multiple discharging cycles. Section V examines the bounds of the charge capacity utilized during one discharging process. Section VI concludes this paper.
II. IMPACT OF CHARGE REDISTRIBUTION ON SUPERCAPACITOR CHARGE CAPACITY
To illustrate the impact of charge redistribution on supercapacitor charge capacity, an RC ladder circuit model for supercapacitors is analyzed, as shown in Fig. 1 . This model captures the distributed nature of supercapacitor capacitance and resistance. Because of the pore effect and the transmission line characteristic, there is a potential distribution down the electrode pores when the electrode is charged or discharged [38] , or equivalently, the pores at or near the surface of the electrode are accessed first followed by the pores at the bottom of the electrode. This behavior can be described by the RC ladder circuit model. The supercapacitor terminal voltage is denoted as V T , which is a measurable parameter. In fact, V T equals the voltage across the first RC branch composed of R 1 and C 1 . During a charging or discharging process, the source or load is applied to the supercapacitor terminals and the capacitor of each RC branch is accessed through a series connection of all resistors from the supercapacitor terminals to the branch in question. The time constant of each RC branch can be written as
and the porous electrode theory gives that
During a charging process, the supercapacitor terminal voltage is monitored and used as a condition to terminate the process. At a given terminal voltage, the amount of charge stored in the supercapacitor may vary significantly depending on the SOC of each RC branch capacitor. Specifically, the lower bound of the charge capacity corresponds to the case in which only the first branch capacitor is charged to establish the terminal voltage, while the upper bound is obtained when all branch capacitors are charged. This analysis provides guidelines for properly designing experiments to estimate the supercapacitor charge capacity bounds, which are elaborated in Section III.
III. EXPERIMENTAL APPROACH FOR ESTIMATING SUPERCAPACITOR CHARGE CAPACITY BOUNDS
A. Experiment Design
The analysis in Section II reveals the theoretical bounds of the supercapacitor charge capacity. To accurately estimate the bounds, an experiment needs to meet two requirements: 1) the charging process is carefully designed so that the minimum or maximum possible charge is injected into the supercapacitor to establish the lower or upper bound; and 2) the discharging phase is sufficiently long to guarantee that the stored charge is completely extracted from the supercapacitor. To meet the first requirement, the following charging conditions are used. For the upper bound, all RC branch capacitors within the supercapacitor should be fully charged, which can be realized by charging the supercapacitor using a constant voltage source for a sufficiently long time. For the lower bound, only the first branch capacitor should be charged to establish the terminal voltage and the charge time should be minimized to avoid charge redistribution, which implies a charging process using the largest possible current specified in the supercapacitor datasheet. As for the second requirement, multiple discharging-redistribution cycles are performed to exhaust the charge stored in the supercapacitor. To determine the proper experiment settings, this paper examines four sets of experiments using the supercapacitor samples listed in Table I . The rated capacitance is 100 F and the rated voltage is 2.7 V for all samples.
B. Estimation of Upper Bound
To estimate the upper bound, two sets of experiments are designed. Fig. 2(a) shows the measured terminal voltage for supercapacitor sample 3 during a 10 A experiment of the first set. During this experiment, the supercapacitor is first charged by a constant voltage source of 2.7 V for 12 h (Fig. 2(a) only shows the last 0.5 h of this charging phase), then discharged by a 10 A constant current source to 0.01 V. After that, the discharge current is disconnected and the supercapacitor experiences charge redistribution, which results in an increase in the terminal voltage. Once the terminal voltage increase rate is less than 0.01 V per 5 min, the charge redistribution process is considered complete and the discharge current is applied again. This discharging-redistribution cycle is repeated ten times to extract the charge stored in the supercapacitor to the maximum extent possible. The charge voltage of 2.7 V is the rated voltage of the supercapacitor. In fact, this paper estimates the charge capacity bounds for all supercapacitor samples at the rated voltage. The charge time of 12 h is selected based on the results of the second set of experiments. The discharge current of 10 A is determined based on the supercapacitor datasheet. The discharging termination voltage of 0.01 V and redistribution termination condition of 0.01 V per 5 min are determined based on the capabilities of the supercapacitor tester, which is an automated Maccor Model 4304 testing system. During the other two experiments of this set, the discharge current is 5 and 1 A, respectively, and the other settings remain unchanged. This experiment set is designed to verify the assumption that if the supercapacitor has been fully charged, then the charge capacity estimated using different discharge currents should be approximately equal, which is indeed the case as shown below.
The impact of charge redistribution on the supercapacitor terminal voltage change is shown in Fig. 2(a) . In the first discharging-redistribution cycle, the supercapacitor is first dis- Assuming that the charge stored in the supercapacitor has been completely extracted after ten discharging-redistribution cycles, the charge capacity is estimated as
where I is the discharge current and t is the discharge time. The estimated capacity is 294.3, 293.4, and 295.1 C for the 10, 5, and 1 A experiments, respectively. These three values are reasonably close and the assumption is verified. The second experiment set is designed to examine if the charging phase is sufficiently long to ensure that the supercapacitor has been fully charged and, therefore, the upper bound of the charge capacity has been reached. Three experiments are performed using supercapacitor sample 2. The supercapacitor is first charged by a constant voltage source of 2.7 V for 3, 12, and 48 h, respectively, and then undergoes ten dischargingredistribution cycles. The discharge current is fixed at 10 A during three experiments. The charge times are selected based on the typical charge time used in self-discharge experiments, which is normally 1 h [18] - [20] . It is usually assumed that the supercapacitor has been fully charged after 1 h of constant voltage charging. To guarantee that the supercapacitor has been fully charged, this paper examines longer charge times. The estimated capacity is 328.2, 326.0, and 322.8 C for the 3, 12, and 48 h experiments, respectively. The results are reasonably close and 12 h is used as the charge time in the first set of experiments. In summary, these two experiment sets show that the upper bound of the charge capacity corresponds to a long time constant voltage charging process.
C. Estimation of Lower Bound
Another two sets of experiments are designed to estimate the lower bound. As analyzed above, the lower bound corresponds to a charging process using the largest possible current. To verify this analysis, the third experiment set is designed for supercapacitor sample 1. To ensure that the charge injected into the supercapacitor during the charging phase can be accurately estimated using the discharging-redistribution cycles, ideally the supercapacitor should be completely discharged before the charging phase is initiated. In practice, the supercapacitor is discharged by a constant voltage source of 0.01 V for 12 h to approximate the ideal initial condition. Then it is charged by a constant current source of 10, 5, and 1 A to 2.7 V, respectively. After that, it undergoes ten discharging-redistribution cycles and the discharge current is fixed at 10 A during three experiments. The estimated capacity is 250.5, 260.0, and 271.4 C for the 10, 5, and 1 A experiments, respectively. The results are consistent with the theoretical analysis: A larger charge current corresponds to a smaller amount of charge injected into the supercapacitor. Other than the discharging phase, the charging process can also be used to estimate the charge capacity. Based on the charge current and time, the estimated capacity is 267.0, 276.2, and 295.05 C for the 10, 5, and 1 A experiments, respectively. These results also verify the theoretical analysis. It should be noted that the capacity estimated using the charging process is greater than the one using the discharging process. The difference is significant: 16.5, 16.2, and 23.65 C for the 10, 5, and 1 A experiments, respectively. Several factors may contribute to this difference: charging/discharging efficiency of the supercapacitor tester, charge redistribution duration, residual charge, and voltage change due to ESR. Comparisons of these two estimates of the charge capacity are further elaborated in Section IV.
The fourth experiment set is designed to examine if the supercapacitor has been fully discharged before the constant current charging phase is initiated. Three experiments are conducted using supercapacitor sample 4. The supercapacitor is first discharged by a constant voltage source of 0.01 V for 3, 12, and 48 h, respectively. After this conditioning phase, it is charged by a constant current source of 10 A to 2.7 V and then undergoes ten discharging-redistribution cycles. The capacity estimated using the discharging-redistribution cycles is 242.4, 243.9, and 245.7 C for the 3, 12, and 48 h experiments, respectively. If the charging phase is used, the estimated capacity is 251.5, 253.6, and 256.8 C, respectively. Both methods give reasonably close results and 12 h is selected as the conditioning time for consistency. Once again, noticeable differences are observed between the results using these two methods: 9.1, 9.7, and 11.1 C, respectively. In summary, these two experiment sets verify that the lower bound of the charge capacity corresponds to a charging process using the largest possible current.
IV. BOUNDS OF TOTAL CHARGE CAPACITY
It should be noted that the charge capacity estimated in Section III is the amount of "total" charge stored in the supercapacitor, which is the overall available charge that can be extracted during multiple discharging processes. Due to charge redistribution, the total charge cannot be fully released during one discharging cycle. Therefore, it is necessary to differentiate these two types of charge capacity. This section examines the total charge capacity and Section V investigates the "utilized" charge capacity, which is the amount of charge delivered during one discharging process.
A. Upper Bound of Total Charge Capacity
To estimate the upper bound of the total charge capacity, a set of seven experiments is performed for all supercapacitor samples. The supercapacitor is first charged by a constant voltage source of 2.7 V for 12 h and then undergoes ten dischargingredistribution cycles. Seven discharge currents are used: 10, 5, 1, 0.5, 0.1, 0.05, and 0.01 A. Note that in addition to the three currents (10, 5, and 1 A) examined in Section III, another four (0.5, 0.1, 0.05, and 0.01 A) are included. With this extended range, the impact of discharge current on the utilized charge capacity of supercapacitors can be investigated, as elaborated in Section V.
Denoting the upper bound calculated from one of the seven experiments as Q max i , their mean Q max is taken as the upper bound estimate as follows:
The standard deviation s max and coefficient of variation cv max are estimated as follows: Take supercapacitor sample 2 for instance. The Q max i results are shown in Fig. 4 and the statistics are listed in Table II , both denoted as dataset M1.
To examine the data repeatability, the seven experiments are repeated once. The results are denoted as dataset M2 in Fig. 4 and Table II . The difference between the two estimates of Q max is 13.02 C, which is approximately 4% of the M1 estimate (320.54 C). This difference may be originated from various factors such as the residual charge [39] stored in the supercapacitor. The impact of residual charge needs to be minimized to improve the data repeatability. To this end, the original experiment procedures used for datasets M1 and M2 are modified. Fig. 5(a) shows a modified 10 A experiment for supercapacitor sample 2. Two modifications are introduced. First, an initial conditioning phase is added before the constant voltage charging process to minimize the effect of residual charge. Second, the duration of the constant voltage charging phase is reduced from 12 to 3 h to shorten the overall experiment time while ensuring that the supercapacitor can still be fully charged. The ten dischargingredistribution cycles remain unchanged. The initial conditioning phase is composed of ten cycles. During each cycle, the supercapacitor is first charged from 0.001 to 2.7 V by a constant current source of 1 A and then undergoes charge redistribution for 5 min. After that, it is discharged to 0.001 V by a constant current source of 1 A. Fig. 5(b) shows the supercapacitor voltage during the first, second, and last (tenth) cycles. Two sets of experiments are performed using the modified procedures, which are denoted as M3 and M4 in Fig. 4 and Table II .
To illustrate the impact of residual charge, the charge time and end voltage of the charge redistribution phase during each conditioning cycle are extracted, as shown in Fig. 6 (a) and (b), respectively. Among the seven experiments of M3, four are shown in Fig. 6 for better readability. It can be observed that the charge time decreases and the charge redistribution end voltage increases when the cycle index increases. Both metrics tend to stabilize after ten conditioning cycles. By adding this initial conditioning phase before the constant voltage charging process, the supercapacitor is tuned to be in a relatively stable state during each of the seven experiments, which improves the data repeatability.
The results for M3 and M4 are also included in Fig. 4 and Table II . The difference between the two estimates of Q max is 3.01 C, or 1% of the M3 estimate (300.91 C). Compared to M1 and M2, the data repeatability is improved. Based on this result, the average of M3 and M4 is used to estimate the upper bound, which is denoted as M5 in Fig. 4 and Table II. In fact, the modified experiment procedures are also performed using the other three supercapacitor samples and the data repeatability is improved as well. For instance, Fig. 7 shows the results for sample 4. Dataset S1 uses the original procedures while S2 and S3 use the modified ones. Dataset S4 is the average of S2 and S3, which is used to estimate the upper bound for this device.
The estimated upper bounds for all samples are listed in Table III. It should be noted that the results are based on the average of the two datasets using the modified experiment procedures (e.g., M5 in Table II for sample 2 and S4 in Fig. 7 for sample 4) . For all samples, the coefficient of variation is acceptably small (i.e., less than 1.3%) and a relatively accurate estimate of the total charge capacity upper bound is obtained.
To understand the origin of the data dispersion, Fig. 8 shows the charge delivered during each of the ten dischargingredistribution cycles for four experiments of M3 for supercapacitor sample 2. It can be observed that the first cycle releases the majority of the total charge stored in the supercapacitor for all experiments. The delivered charge decreases when the cycle index increases. While this pattern applies to all experiments with different discharge currents, the overall charge accumulated during the ten cycles shows variation. For the 10 A experiment, the charge delivered during the first and last cycles is 252.4 and 0.7 C, respectively. The total charge released during the ten cycles is 293.7 C. For the 0.01 A experiment, the three quantities are 300.2039, 0.2253, and 303.1481 C. When seven experiments are used to estimate the total charge capacity, a certain degree of data dispersion appears. To improve the data dispersion, it may help if the number of discharging-redistribution cycles is selected based on the discharge current, which is fixed at ten for all currents in this paper. On the other hand, it can also be observed that the charge extracted from the last cycle is already a fairly small percentage of that from the first cycle. For the 10 and 0.01 A experiments, it is 0.28% and 0.08%, respectively, which suggests that the amount of unextracted charge is reasonably small. Therefore, the upper bound estimated using the approach described in this section gives a good estimate of the actual value.
B. Lower Bound of Total Charge Capacity
Similar to the upper bound case, the lower bound is first estimated using the original experiment procedures described in Section III. Specifically, the supercapacitor is first discharged by a constant voltage source of 0.01 V for 12 h during each of the seven experiments. After that, it is charged by a 10 A constant current source to 2.7 V and then undergoes ten dischargingredistribution cycles. The same set of discharge currents is used: 10, 5, 1, 0.5, 0.1, 0.05, and 0.01 A. For the lower bound, two estimates are calculated from each experiment: Q min i is estimated using the discharging-redistribution cycles and Q * min i is estimated using the charging phase. The means (Q min and Q * min ), standard deviations (s min and s * min ), and coefficients of variation (cv min and cv * min ) are determined accordingly. This dataset is denoted as N1. For example, Fig. 9 shows the results and Table IV lists the statistics for supercapacitor sample 2.
To minimize the effect of residual charge, the original experiment procedures are modified and the initial conditioning phase used in the upper bound experiments is also included in the lower bound experiments. The modified experiments are repeated twice for all supercapacitor samples, which are denoted as datasets N2 and N3. The average of N2 and N3 is denoted as N4, which is used to estimate the lower bound. The results and statistics for sample 2 are shown in Fig. 9 and Table IV. It can be observed that the data repeatability is improved. For both Q min and Q * min , the difference between the N2 and N3 estimates is small: 0.16 C for the former and 0.20 C for the latter. Additionally, cv * min is much smaller than cv min for all datasets. This is because the Q min calculation process involves ten dischargingredistribution cycles, as illustrated in Fig. 8 for the upper bound case, while Q * min only utilizes a single constant current charging phase. The statistics for all supercapacitor samples are listed in Table III . Similar to sample 2, the results are based on dataset N4, which is the average of N2 and N3 using the modified experiment procedures. Consistent with the observation in Section III, the lower bound of the total charge capacity estimated using the ten discharging-redistribution cycles is smaller than the one using the charging process for all supercapacitor samples, as shown in Table III . This is because the charging process determines the maximum possible charge injected into the supercapacitor and the discharging-redistribution phase only extracts a relatively large percentage of the stored charge. To further interpret this observation, Fig. 10 shows the difference between the two estimates of the lower bound for sample 2. Take the dataset N4 for example. The minimum and maximum difference is 0.43 C (1 A experiment) and 7.95 C (10 A experiment), respectively. The mean of the seven experiments is 2.99 C, which is approximately 1.2% of the estimated lower bound (247.70 C for Q min or 250.69 C for Q * min ). This difference measures the amount of unextracted charge after the extended dischargingredistribution process that lasts from approximately 6000 (10 A experiment) to 28 000 s (0.01 experiment).
C. Comparisons of Total Charge Capacity Bounds
To quantify the difference between the upper and lower bounds of the total charge capacity, the following parameters are defined:
The results are listed in Table V and it is clear that the difference between the upper and lower bounds is significant for all samples. The maximum and minimum difference is observed for samples 2 and 1, respectively. For the lower bound, Q * min is greater than Q min for all samples and it gives conservative results when it comes to evaluating the difference between the bounds. In terms of * Q , the maximum and minimum difference is 48.72 and 33.06 C, respectively. In terms of r * Q , the maximum and minimum ratio is 1.194 and 1.137, respectively. Therefore, even for sample 1 with the smallest difference between the upper and lower bounds of the total charge capacity, at least 33.06 C or 13.7% more charge is stored in the supercapacitor at the rated voltage if it is fully charged using a long time constant voltage charging process compared to the case in which it is charged by the largest possible current during a relatively short period of time.
V. BOUNDS OF UTILIZED CHARGE CAPACITY
While it is important to estimate the total charge stored in the supercapacitor, estimation of the actual charge delivered during one discharging process is also an interesting problem. This section investigates the bounds of the charge released during one discharging action and examines the impact of discharge current on the utilized charge capacity. The experiments performed to estimate the total charge capacity bounds are also used for estimating the utilized charge capacity bounds. Take sample 2 for instance. Dataset M5 in Fig. 4 is used for the upper bound case and dataset N4 in Fig. 9 is used for the lower bound case.
A. Upper Bound of Utilized Charge Capacity
The utilized charge capacity is defined as the amount of charge delivered during the first of the ten discharging-redistribution cycles. Take the 10 A experiment of dataset M3 for sample 2 for instance. As shown in Fig. 8 , the utilized charge capacity is 252.4 C if the termination voltage (0.01 V) of the discharging process is taken as the cutoff voltage. In practice, a supercapacitor usually operates between its rated voltage and half of that. Therefore, half of the rated voltage is set as another cutoff voltage, which is 1.35 V for all samples examined in this paper. The utilized charge capacity for this cutoff voltage is 123.4 C. As shown in Table V , the difference between the upper and lower bounds of the total charge capacity is the largest for sample 2. Therefore, this section presents the numerical results for this sample in Table VI and shows the results for all samples in graphs. Table VI lists the utilized charge capacity bounds associated with the two cutoff voltages for sample 2. The subscript "max" means that a quantity is associated with the upper bound. The subscripts "full" and "half" denote the cutoff voltages of 0.01 and 1.35 V, respectively. Note that U max full and U max half are 250.55 and 122.50 C, respectively, in Table VI for As shown in Table VI and Fig. 11 , for both cutoff voltages, the upper bound of the utilized charge capacity increases when the discharge current decreases for all samples. Take sample 2 for instance. If the cutoff voltage is 0.01 V, U max full increases from the minimum of 250.55 C at 10 A to the maximum of 299.41 C at 0.01 A resulting in a difference of 48.86 C. In fact, the impact of discharge current on the charge delivered during a discharging process is consistent with Peukert's law [40] , an empirical law originally developed to relate the lead-acid battery capacity to the discharge current. For supercapacitors, the relationship between the utilized charge capacity and the discharge current can be explained using the RC ladder circuit model shown in Fig. 1 . Since the supercapacitor is charged by a constant voltage source for a long time, it can be assumed that all RC branch capacitors have been fully charged. When a discharge current is applied to bring the supercapacitor terminal voltage down to the cutoff voltage, the charge stored in the RC branches is extracted progressively from the first branch with the smallest time constant to the last branch with the largest time constant. Obviously, a smaller discharge current requires a longer time to reduce the supercapacitor terminal voltage (mainly the voltage across the first branch capacitor) to the cutoff voltage. As the discharge time extends, more charge stored in the slow branches with large time constants is extracted. In the meantime, the charge stored in the slow branches redistributes to the first branch, which decelerates the drop in the terminal voltage and prolongs the discharge time. Therefore, the amount of charge extracted from the supercapacitor is larger during the extended discharging phase if a smaller discharge current is applied.
To verify the above analysis, a generic 5-branch RC ladder circuit model for 100 F supercapacitors shown in Fig. 12 is simulated using LTspice. The component values of the five RC branches are selected to generate time constants of τ 1 = 1.05, τ 2 = 10, τ 3 = 100, τ 4 = 1000, and τ 5 = 10 000 s because the actual discharge time of the supercapacitor samples ranges between 10 (lower bound case, 1.35 V cutoff voltage, and 10 A discharge current) and 30 000 s (upper bound case, 0.01 V cutoff voltage, and 0.01 A discharge current). Therefore, the model is tuned to simulate the supercapacitor behavior at various time scales. The total capacitance of the five branch capacitors is 100 F. The first branch capacitance is 70% of the total capacitance because this is the major branch. The capacitances are 16, 8, 4, and 2 F for the remaining four branches with a scale factor of 0.5 based on the fact that a slower branch makes a smaller contribution to the total capacitance. As for resistors, the first branch resistance is based on the typical ESR values specified in the supercapacitor sample datasheets. The other four resistances are calculated based on the time constants and capacitances using (1) . It should be noted that this model is conceived to explain the impact of charge redistribution on the utilized charge capacity. The model component values are assumed with certain arbitrariness and they are not determined by characterizing any of the four supercapacitor samples because it is experimentally challenging to identify the ten component values in an effective manner. The simulation setup and results are as follows. The initial voltages of the five branch capacitors are set to be 2.7 V. In addition to the seven discharge currents used in experiments, another three are simulated: 50, 0.005, and 0.001 A. Fig. 13(a) shows the simulated upper bound of the utilized charge capacity for the two cutoff voltages of 0.01 and 1.35 V. The relationships between the utilized charge capacity and the discharge current for both cutoff voltages are consistent with the experiment results shown in Fig. 11 . Fig. 13(b) shows the simulated supercapacitor terminal voltage V T and five branch capacitor voltages V 1 -V 5 when the discharge current is 1 A. It can be observed that V T almost overlaps with V 1 . Charge is mainly extracted from C 1 and its voltage drops rapidly. Because of the increasingly larger time constant of the corresponding branch, the drop in V 2 -V 5 becomes smaller at a particular point of time compared to the drop in V 1 . Given the voltage differences between V 2 -V 5 and V 1 , charge is unidirectionally redistributed from C 2 -C 5 to C 1 during the entire discharging process, which decelerates the drop in V 1 . When the discharge current is smaller, these effects are more significant and therefore more charge is extracted from the supercapacitor.
B. Lower Bound of Utilized Charge Capacity
The lower bound of the utilized charge capacity is estimated using the experiments performed for estimating the lower bound of the total charge capacity. Table VI lists the results for sample 2. The subscript "min" means that a quantity is associated with the lower bound. Fig. 14 plots the results for all samples. These results show that the relationship between the utilized charge capacity and the discharge current is similar for all samples. However, the relationship is different from that for the upper bound case in which the utilized charge capacity increases when the discharge current decreases. In addition, the relationship is different for the two cutoff voltages. When the cutoff voltage is 0.01 V, the utilized capacity is relatively flat for the current range between 0.01 and 1 A while it decreases noticeably when the current increases from 1 to 10 A, as shown in Fig. 14(a) . Specifically, for samples 1 and 2, the utilized capacity increases when the current decreases from 1 to 0.01 A although the change is minimal. The numerical results for sample 2 are listed in Table VI . For sample 1, the utilized capacity is 235.47 C at 1 A and 236.53 C at 0.01 A. For samples 3 and 4, the utilized capacity first increases when the current decreases from 1 to 0.1 A and then decreases when the current decreases from 0.1 to 0.01 A. Again, the change is minimal. Numerically, the utilized capacity of sample 3 peaks at 233.15 C at 0.1 A and decreases to 232.17 C at 0.01 A. For sample 4, the values are 234.66 C at 0.1 A and 232.90 C at 0.01 A. Therefore, considering the relatively minor changes in the utilized capacity in the flat region, it can be assumed that the utilized capacity for the 0.01 V cutoff voltage remains constant when the discharge current is small to medium (0.01-1 A) and drops when the discharge current increases from 1 to 10 A. For the cutoff voltage of 1.35 V, the relationship shown in Fig. 14(b) introduces a new feature. While the utilized capacity decreases significantly when the discharge current increases from 1 to 10 A, it also drops dramatically when the discharge current decreases from 1 to 0.01 A. In other words, the utilized capacity peaks at 1 A and decreases noticeably when the discharge current deviates from this particular value.
The dispersion of the utilized charge capacity lower bound for both cutoff voltages can be quantified using the metrics defined in Section IV. Take sample 2 for instance. For the cutoff voltage of 0.01 V, the mean, standard deviation, and coefficient of variation calculated using the U min full data listed in Table VI  are (Q * min ) are estimated using a single discharging or charging process while the total capacity (Q min ) associated with s min utilizes ten discharging-redistribution cycles and, therefore, overestimates the data dispersion. The differences are also significant when the coefficient of variation is considered: 0.0201 versus 0.0004 for the 0.01 V cutoff voltage case and 0.0401 versus 0.0004 for 1.35 V. Therefore, the lower bound of the utilized charge capacity is dependent on the discharge current for both cutoff voltages.
The relationship between the utilized charge capacity and the discharge current for both cutoff voltages can also be explained using the model shown in Fig. 12 . To simulate the lower bound case, the initial voltages of the five branch capacitors are set to be 0 V. A constant current source of 10 A is applied and the supercapacitor terminal voltage reaches 2.7 V at 20.3 s. Then the charging current source is removed and the discharging current source is connected. Fig. 15(a) shows the simulated lower bound of the utilized charge capacity. Again, the relationships between the utilized charge capacity and the discharge current are consistent with the experiment results shown in Fig. 14 for both cutoff voltages. For the 0.01 V case, the utilized charge capacity increases quickly from 124.79 to 192.09 C when the discharge current decreases from 50 to 1 A and increases slowly to 201.69 C at 0.001 A. For the 1.35 V case, the utilized charge capacity peaks at 75.88 C at 1 A and decreases to 30.69 C at 50 A and 67.70 C at 0.001 A. Fig. 15(b) shows the simulated supercapacitor terminal and branch capacitor voltages when the discharge current is 1 A. As expected, the charging process using a relatively large current mainly charges the first branch capacitor and the slow branch capacitors are not fully charged. In fact, the five branch capacitor voltages V 1 -V 5 are 2.550, 1.471, 0.116, 0.001, and 0.000 V at the end of the charging process (t = 20.3 s). When the discharge current is applied, charge is first extracted from C 1 . Although V 1 drops continuously, it is still greater than V 2 -V 5 during certain periods of time and, therefore, charge is transferred from C 1 to C 2 -C 5 . Take V 3 for instance. It increases from 0.116 (t = 20.3 s) to 1.067 V (t = 120.102 s) after the charging current source is removed because during this period of time charge is redistributed from C 1 and C 2 to C 3 . As the discharging process continues, C 3 is accessed by the discharge current and its voltage drops. As long as V 3 is greater than V 1 and V 2 , a portion of charge flows back from C 3 to C 1 and C 2 . Therefore, different from the upper bound case shown in Fig. 13(b) , charge redistribution in the lower bound case is bidirectional during the entire discharging process: Charge redistributes from the fast branches to the slow branches during the early stage and the charge transfer direction is reversed during the late stage. This explains why the pattern of the utilized charge capacity is different for the two cutoff voltages when the discharge current is small to medium (0.01-1 A), as shown in Figs. 14 and 15(b) . Specifically, for the cutoff voltage of 0.01 V, the discharge time is almost twice of that for the 1.35 V case. Although part of the charge redistributes from the fast branches to the slow branches during the early stage, this portion of charge flows back to the fast branches during the late stage. Therefore, all branches are almost fully discharged and the total charge extracted from the supercapacitor is approximately equal. On the other hand, when the cutoff voltage is 1.35 V, the late stage is not considered and there is no time for the charge redistributed to the slow branches during the early stage to be extracted. This effect is more significant when a smaller discharge current is applied, and therefore, the utilized charge capacity drops when the discharge current decreases. When the discharge current is relatively large (1-10 A), the relationship between the utilized charge capacity and the discharge current is similar for both cutoff voltages, which is also similar to that for the upper bound case. Therefore, the explanation for the upper bound case also applies.
C. Comparisons of Utilized Charge Capacity Bounds
With the utilized charge capacity bounds, a comparative study is conducted to illustrate the impact of charge redistribution on the charge released during a single discharging process. The differences between the bounds are quantified as follows:
The numerical results for sample 2 are summarized in Table VI . For all samples at the two cutoff voltages, Fig. 16 shows the bound differences and Fig. 17 shows the bound ratios. Three major observations can be made based on these results. First, the charge capacity utilized during a discharging process is dependent on the supercapacitor state and the difference between the bounds is significant. For all samples at the two cutoff voltages, the charge capacity delivered after a long time constant voltage charging process is greater than that after a short time constant current charging process regardless of the discharge current magnitude. Take sample 2 for instance. In terms of the difference between the upper and lower bounds, U full ranges between 19.60 C (at 10 A) and 55.16 C (at 0.01 A) for the cutoff voltage of 0.01 V. Or equivalently, 8.5% (at 10 A) or 22.6% (at 0.01 A) more charge can be extracted from the supercapacitor, which also means that the discharge time of the supercapacitor is extended accordingly. Consider the maximum difference when the discharge current is 0.01 A. The discharge time is 29 941 and 24 425 s, respectively, which results in a difference of 5516 s or 22.6% of the lower bound. Therefore, the optimistic and conservative runtimes of the supercapacitor can be estimated based on the utilized charge capacity bounds. Second, the difference between the utilized charge capacity bounds (or equivalently, the discharge time bounds) is dependent on the discharge current. The difference is larger for a smaller discharge current for all samples. The maximum and minimum difference is reached at 0.01 and 10 A, respectively. Referring to the RC ladder circuit model, the fundamental reason is that the slow branches can be accessed during the extended discharging process when a small discharge current is applied. In the meantime, the charge redistribution effect is more significant when the discharge current is smaller, as elaborated for both the upper and lower bound cases using the five-branch model. Third, the difference between the utilized charge capacity bounds is mainly contributed by the upper half of the supercapacitor operation voltage range (i.e., 1.35-2.7 V). As shown in Fig. 16 , the difference associated with the 1.35 V cutoff voltage is a significant percentage of that for the 0.01 V case at a given discharge current. To understand this observation, Fig. 18 shows the ratio of the half to full utilized charge capacity for both the upper and lower bounds. The ratios are defined as η U max = U max half U max full (15) η U min = U min half U min full .
As shown in Fig. 18(a) , η U max is greater than 0.5 for all discharge currents except 10 A, which means that more charge is extracted from the upper half of the supercapacitor operation voltage range (1.35-2.7 V) compared to that from the lower half (0-1.35 V) when the supercapacitor is fully charged. On the other hand, Fig. 18(b) shows that η U min is less than 0.5 for all discharge currents when the supercapacitor is only partially charged. When the difference between the utilized charge capacity in these two scenarios is considered, the gap between η U max and η U min results in the fact that the 1.35-2.7 V range makes a greater contribution. It can also be observed that the two ratios for sample 2 are the smallest for both the lower and upper bound cases. Coupled with the magnitude of the two bounds, it is possible that both the half and full utilized charge capacity of sample 2 are greater than those of the other three samples. This is the case for the upper bound, as shown in Fig. 11 . It is also possible that the fully utilized charge capacity of sample 2 is greater than those of the other three samples while the half is not, as shown in Fig. 14 for the lower bound case. Although this paper only examines the supercapacitor charge capacity bounds at the rated voltage, the results clearly demonstrate the significant impact of charge redistribution on supercapacitor charge capacity. It should be noted that all experiments are performed at room temperature and the supercapacitor samples are relatively new. Based on the methodology presented in this paper, a comprehensive study is being conducted to incorporate the effects of various factors including supercapacitor terminal voltage, ambient temperature, and aging condition on supercapacitor charge capacity, which could lead to a framework useful to many supercapacitor-based applications.
VI. CONCLUSION
This paper demonstrates the effects of the charge redistribution characteristic on supercapacitor charge capacity by experimentally estimating the bounds of the total and utilized charge capacity. Based on an RC ladder circuit model for supercapacitors, the impact of charge redistribution on supercapacitor charge capacity is analyzed and experiment design guidelines are developed. The upper bound requires that the supercapacitor is fully charged, which can be realized by a long time constant voltage charging process. The lower bound is reached if the supercapacitor is partially charged, i.e., only the first RC branch with the smallest time constant is used to establish the supercapacitor terminal voltage, which corresponds to a charging process with the largest possible current. The experiment results for four supercapacitor samples show that the difference between the upper and lower bounds of the total charge capacity is significant.
Moreover, the impact of discharge current on the charge capacity utilized during a discharging process is investigated. Different relationships between the utilized charge capacity and the discharge current are observed depending on the supercapacitor SOC. For a fully charged supercapacitor, the utilized charge capacity increases when the discharge current decreases. If a supercapaictor is partially charged by a relatively large current, the relationship is dependent on both the discharge current and the supercapacitor operation voltage range. When the supercapacitor is fully discharged to a zero voltage, the utilized charge capacity remains almost constant if the current is small to medium and decreases as the current increases if the current is relatively large. When the supercapacitor is discharged to half of its rated voltage, the utilized charge capacity peaks at a medium current and drops if the current either increases or decreases. These different patterns are explained using the RC ladder circuit model and the impact of charge redistribution is illustrated. The bounds of the utilized charge capacity are compared and the differences are also significant. Therefore, based on the results for the total and utilized charge capacity bounds, it is concluded that the charge redistribution process should be taken into account when it comes to accurately estimating the supercapacitor charge capacity.
